Large unilamellar vesicles were prepared by detergent rem oval from micelles containing phosphatidylcholine, phosphatidylethanolam ine and phosphatidylserine. Liposomes were then interacted with Megathura crenulata hemocyanin, a well studied channel former. Incubation o f the resulting proteoliposomes on one side of a phosphatidylserine-containing planar bilayer under fusion conditions yielded strong current increases. Such increase is due to insertion o f ionic channels from the liposomes into the planar bilayer. Studying the effects o f Ba2+ on the electrical properties of the channel we could show that the protein is always inserted into a bilayer during this process, i.e. fusion of proteoliposomes with the artificial m em brane occurs. The strong non linearity of the current-voltage curve of the hemocyanin pore could be used as a probe o f the extent to which fusion preserves the orientation of the channel through the bilayer.
Introduction
M em brane fusion is at the basis o f m any b io logical processes such as neurotransm ission, secre tion and phagocytosis. In order to understand the m echanism o f these processes m uch efforts have been done by researchers in studying fusion of artificial m em branes such as liposom es [1, 2] , O f p articular interest has becom e now the study o f fusion o f unilam ellar vesicles w ith p lan ar lipid bilayers, since this is a currently ad opted m ean to achieve reconstitution o f natural channels into the widely accessible artificial p lan ar bilayer [3 -5 ] .
Incorporation o f hem ocyanin m olecules into artificial unilam ellar vesicles and subsequent fusion o f these vesicles w ith planar lipid bilayers can give at least three kind o f inform ations.
First, the hem ocyanin channel, w hich is know n to bind alm ost irreversibly to lipid bilayers and has a large conductance [6 ] , can be used as a conductive probe for the study o f vesicle fusion into electrically accessible planar bilayers. C onditions under w hich fusion occurs can be optim ized in this way.
Second, the hem ocyanin channel has a strongly non linear I -V characteristic and binds asym m etrically to lipid bilayers [6 ] , N on linearity o f the I -V curve can thus be used to m easure the extent to w hich m em brane fusion preserves the asy m m etri Reprint requests to Gianfranco Menestrina. 0341-0382/84/0100-0147 $01.30/0 cal insertion o f the proteic com ponents o f p ro teo liposomes.
Third, p rep aratio n o f vesicles w hich are know n, by fusion experim ents, to co n tain active h em o cyanin channels, can be the basis to elu cid ate m orphologically w hich is the stru ctu re ad o p ted by this protein when form ing channels.
We present here evidences th a t hem o cy an in containing proteoliposom es can be p rep a re d and m ade to fuse w ith p la n ar bilayers, and th a t this procedure preserves the asym m etry o f p ro tein through the bilayer.
Materials and Methods

Liposome preparation
Liposom es were p rep ared by the deterg en t dialysis m ethod [7, 8 ] , L ipids used w ere either: phosphatidylethanolam ine, PE (P. L. B iochem icals), phosphatidylcholine, PC (L ip id P ro d u cts), p h o s phatidylserine, PS (F id ia Res. L ab o rato ries) m ixed in the ratio 5 :2 :3 , p rep a ra tio n 1; or: sa tu ra te d PE (P. L. Biochem icals), PC (P. L. B iochem icals), PS (F idia Res. Lab.) in the sam e ratio as above, preparations 2 and 3. T he lipids, dissolved in chloroform , were d ried at 30 °C , u n d er 
Protein andproteoliposome preparation
Megathura crenulata hem ocyanin (C albiochem )
A grade in 50% glycerol is stored at -20 °C . Before use the protein was dialyzed for 24 h at 4 °C against buffer A. A sym m etric proteoliposom es w ere p re pared adding hem ocyanin to the liposom e solutio n at a concentration o f 1 -4 m g /m l and m ixing slowly for 12 h at 4 °C. T his solution was then centrifug ed at ~ 30 OOOx# for 20 m in at 5 °C . T he pellet was then redissolved in buffer A and centrifuged again. To get free from the protein in solution this p ro ce d ure was repeated 4 to 6 tim es and then the vesicles were used in the electrical experim ents w ith black lipid m em branes, p rep aratio n s 1,2. Since h em o cyanin incorporates irreversibly and w ith a well defined orientation in lipid bilayers, [6 ] these vesicles are supposed to b ear orien ted pro tein m o le cules on their surface. C ontrol experim ents w ere run also adding to the bilayer eith er directly h em o cyanin or the last su p ern atan t o f the above p ro ce dure.
A lternatively proteoliposom es w ere p rep a re d adding hem ocyanin directly to the lip id -d eterg en t micelles solution p rio r to flow -through dialysis. Liposom e prep aratio n by dialysis and free protein removal by centrifugation w ere then perfo rm ed as above, preparation 3. T his p rocedure is supposed to give unilam ellar vesicles w ith protein absorbed, b u t not strictly oriented, on th eir walls. C ontrol ex p e ri ments were run also in this case w ith the last supernatant and w ith protein w hich has been m ixed with the same concentration o f detergent used in th e proteoliposom e p reparation. , and glucose (all C arlo E rb a RPE) were then added to the b ath in g solution to achieve incorporation o f the pro tein into th e bilayer. A g -A g C l electrodes p rovided electrical access to the m em brane and a virtual grounded o p era tio n al am plifier (AD 515 K) was used as I -V co nverter with a 2 x 1 0 8 Q, 10 p F parallel feed-back circuit. Cis com partm ent is taken as the reference for voltage sign. Experim ents w ere run at room te m p e r ature.
Electrical measurements
Results
A ddition o f small am ounts o f p ro teo lip o so m es from preparation 1 to one side o f a P E /P S black lipid m em brane failed to increase th e b ilay er conductance even after 38 min. U pon su b seq u en t symmetrical addition o f B aC l2 to the solutions in the range l-4 m M a slow conductance increase which occurred in discrete steps could be observed (Fig. 1) . Conductance ju m p s, m easured at -40 mV in voltage clam p conditions, are alm ost all o f the same size, which corresponds to the co n d u ctan ce o f one open hem ocyanin channel in these co n d itio n s [11] . Nevertheless higher ju m p s, w hose a m p litu d e was a m ultiple o f the single channel co nductance, could be seen som etim es. T hey rose as single steps at least w ithin our experim ental tim e resolution. Channels form ation rate could be strongly increased adding 100 mM glucose to the cis, i.e. th e vesicle containing, com partm ent, as shown in Fig. 1 . S ym metrical addition o f glucose to both co m p artm en ts had the sam e effect as on the cis side only, in good agreem ent with the finding th at the estab lish in g o f an osmotic gradient th ro u g h the liposom es walls and not through the p la n ar bilayer is th e effect responsible for vesicles' fusion w ith th e p la n ar bilayer [12] , In one experim ent glucose was ad d ed to a bathing solution, in w hich p roteoliposom es have been added since 30 m in, at the sam e co n cen tratio n as above but w ithout d ivalent cations present. N o conductance change was observed w ith in 55 m in in PE/PS 9.5 ± 0.7 x 10"3 1.3 ± 0.5 x 10-' 1.7 ± 0.2 x IO"1
In one experiment a pore formation rate of 2.4 x 10~3 Hz has been observed. b Breaking the PC bilayer, painting a new one with PE/PS and restoring the osmotic gradient produced incorporation of channels in the new membrane.
these conditions. S ubsequent ad d itio n o f B aC l2 was also ineffective, but then the restoring o f the osm otic gradient through the vesicles, w ith 300 mM glucose in the cis solution, was able to induce channel incorporation into the bilayer w ithin a few minutes.
Experim ents were run also using p lan ar lipid bilayers com prised o f p h o sp h atid y lch o lin e alone. N o conductance increase was in d u ced by p ro te o liposom es o f p rep a ra tio n 1 into a PC b ilay er even after ad d itio n o f B aC l2 and glucose, see T able I. As a control this PC b ilay er was in ten tio n ally b roken after about 2 h and a new black film was p rep a re d with the PE/PS m ixture. Also in this case restoring o f the osm otic gradient, w ith 300 m M glucose in the cis side, in the presence o f divalent cations, was necessary and sufficient to induce p ro tein in co r poration into the new P E /P S p la n ar bilayer.
Use o f C a2+ instead o f B a2+ gave sim ilar results (data not shown) but was avoided because o f the great effects o f C a 2+ on the current voltage curve o f the channel which will be discussed later.
Somehow different results w ere o b tain ed w ith preparation 2 w hich differs only slightly in the lipid com position of the liposom es, see m aterials. T he incorporation rates o b tain ed in this case are su m m arized and com pared to those o b ta in ed w ith the other preparations in T able I. Briefly: slow in c o rp o ration was observed in P E /P S BLM w ith o u t divalent cations; the incorp o ratio n rate was greatly increased by ad d itio n o f 2 or 4 m M B aCl2 b u t th en it was only slightly enhanced by the creatio n o f an osm otic gradient through the vesicles. E xperim ents with PC planar bilayers are also reported. N o co n ductance increase was observed w ithin at least 40 m in from proteoliposom es ad d itio n , b u t slow increases followed ad d itio n o f B aCl2 to the b ath in g solution.
The last supernatant o f each p re p a ra tio n was tested repeatedly and gave no or very low effects, i.e. few channels in the worst case and in presence o f BaCl2.
F u rth er inform ations ab o u t the m echanism s o f channel incorporation can be o b tain ed studying th e instantaneous and the steady state cu rren t voltage curves of the hem ocyanin doped m em branes. In stantaneous I -V characteristics are non lin e ar and depend strongly on the electrolytic solution com poapplied voltage ( mV ) sition [11, 13] , T he conductance o f the doped m em brane can be calculated by dividing the in stantaneous current value by the ap p lied voltage. These curves are S-shaped and allow extrapolation of two asym ptotical conductance values, one for large negative potentials, Gmax, and one for large positive potentials, (7min.
Relative conductances, defined as:
and m easured in d ifferent conditions are plotted in Fig. 2 Anyway also in this case the non linearity was m uch stronger with positive potentials.
Discussion
We have show n that un d er ap p ro p riate co n d i tions interaction o f planar lip id bilayers w ith large unilam ellar vesicles, containing negative lipids, and doped with hem ocyanin yields stepped increases o f m em brane conductance. T hese jum ps are o f the ap propriate height to be a ttrib u te d to the opening o f hem ocyanin channels into the bilayer [11] , We believe that incorporation o f channels occurs via fusion o f pore-containing liposom es w ith the b i layer. This is strongly su pported by the o bservation that divalent cations are necessary to have su b stantial incorporation into a P E /P S m em b ran e and that instauration o f an osm otic g rad ien t th ro u g h the vesicles walls can enhance the in c o rp o ratio n rate, Fig. 1 and Table I . Both these facts are consistent with the most recent studies on m e m b ran e fusion [12, 18] . F urtherm ore, as one should expect [12] creation o f an osm otic g rad ien t alone, w ith o u t divalent cations in solution, is ineffective for channel incorporation. P rep aratio n o f th e p la n ar bilayer with pure PC inhibits the p ro tein in c o rp o ra tion com pletely, p rep aratio n 1, or at least by two orders o f m agnitude, p rep a ra tio n 2 , w hich is also consistent with published data on fusion betw een vesicles and o f vesicles w ith p lan ar bilayers [1 9 -2 1 ]. On the other hand the altern ativ e ex p lan atio n th at free hem ocyanin m olecules are present in th e vesicle solution and m igrates to the b ilay er th ro u g h the acqueous phase in a hydrated form is m ad e highly The most puzzling result to us is th at in c o rp o ration usually occurred th ro u g h single channel openings, and m ultiple sim u ltan eo u s insertions w ere only rarely observed even w hen we tried to au g m en t their probability increasing vesicle size a n d /o r protein concentration during vesicle treatm ent. We think that this m ight be due to a d estab ilizatio n of vesicles containing m ore th an one channel d u e to the large size o f this pore [2 2 ], D ivalent cations-induced fusion o f P E /P S co n taining vesicles is thought to occur th ro u g h a bilayer to hexagonal phase tran sitio n o f th e lipid m ixture at the contact region [19, 23] . T his tra n si tion introduces a local d iso rd er into the bilayer. Accordingly it is interesting to see if fusion o f protein-containing vesicles w ith a p lan ar b ilay er can save protein orientation, and to w hat extent. H em o cyanin treated liposom es are su itable from this point of view, because hem ocyanin channels have a strongly non linear I-V curve, and are know n to incorporate all w ith the sam e o rien tatio n into the bilayer and to m aintain this o rien tatio n w ith tim e [6 ] . An upper lim it o f 2% reversed channels has been given for incorporation o f hem ocyanin into a bilayer in asym m etrical con d itio n s [6 ] like those adopted for preparations 1, 2 .
G iven the alm ost perfect coincidence o f th e conductance-voltage curve o f m em b ran es d o p ed ad d in g the protein directly to the so lu tio n and m em b ran es in which fusion w ith hem o cy an in -co n tain in g lip o somes was achieved. where / is the prob ab ility to have a reversed channel.
Introducing the values o f B. Q and V0 calculated above into Eq. (5) one can calculate f by a least squares fit to the points on the inset o f Fig. 4 . T his procedure gives/ = 0 . 1 2 in good agreem ent w ith the value deduced from the instantaneous cond u ctan ce values.
